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PH3FACS 


la  August  1951  a University  of  Kansas  Research  group  m 
assigned  to  study  the  general  preblsm  of  th*  launching  an d 
landing  of  carrier  airoraft.  The  work  mi  don*  under  contract 
OHR  531  {01)  • The  purpose  of  tha  study  was  to  obtain  from 
a well-trained  diversified  group  not  too  Imbued  with  past  sad 
present  H»tt  thinking  sad  procedure,  an  independent  evaluation 
of  tha  problas  and  pocalble  methods  of  solution*  emphasis 
being  placed  upon  development  to  meet  future  needs  rather 
than  Just  to  solve  Immediate  problems. 

It  was  left  to  tha  group  to  ohooae  those  aspects  of  the 
problem  on  which  to  concentrate*  as  a result*  certain  aspects 
of  the  problem  have  been  studied  intensively  while  others 
have  been  cons  Ida  rod  only  auperfioially.  * in  analysing 
the  problem  and  dividing  it  into  its  several  aapeota*  the  group 
asked  two  questions  j-  (1)  is  this  aspaot  of  the  problem  of 
decided  importance?  (2)  Gan  the  group  make  a worthwhile 
contribution  by  studying  intensively  this  aspeot  of  the 
problem?  Emphasis  was  placed  upon  those  eepeote  for  which 
tiie  answer  to  each  question  was  affirmative* 


the  group  submits  its  final  report  in  four  parts*  The 
title  and  general  oontent  of  eaoh  pert  le  ee  follows  i 


Part  I*  General  Report. 

This  aootion  presents  in  a comprehensive  yet 
understandable  manner  the  problem  as  tha  group 
ssss  it,  and  makes  dear  What  the  group  believes 
can  and/or  should  be  dons.  This  seotion  le 
relatively  free  of  details  but  comprehensive 
as  regards  general  con ol  us  ions. 


part  II.  Limitations  of  Cable-Drive  Catapults. 

Thie  section  presents  s detailed  study  of  the 
limitations  of  oable-drive  catapults  and  the 
relative  effects  of  different  modifications  of 
oable  drives.  It  is  rather  analytical. 

Part  HI.  A Multi-Jet  Driven  Catapult  (Rydrapult). 


This  seotion  presents  the  resulte  of  a study  of  a 
multi-jet  o&tapult  which  the  group  refers  to  as 
a "hydrapult."  Although  emphasis  ia  placed  upon 
the  general  features  and  operation  of  the  proposed 
hydrapult,  numerous  details  are  included. 


a 


Parts  IV*  Barrioadas. 

This  Motion  praaants  tha  r* suits  of  a modal 
study  of  barrioadas*  It  oontalnc  many  tabular 
data  giving  foroa  distribution*  among  tha 
various  alsnsnts  of  typioal  barrloadaa* 
Kuaaroua  photographs  ara  inoludod* 


Tha  Uni varsity  of  Kansas  Rasaaroh  Group  assignad  to  study 
this  problaa  and  submit  this  roport  was  oompossd  of  tha 
following  staff -msmbarsi 

V*  J*  Argsrsingar,  Jr*,  Ph.D.,  Assooiat*  Profassor  of 

Ghsoistry* 

L.  V*  Saagondollar,  Ph.D.,  Assistant  Profassor  of  Physios* 

V*  H*  Simpson,1  Ph.D.,  Profassor  of  Asronautiosl  Bnginsaring 

and  Ohaimaa  of  dapartasnt* 

V*  P*  Smith*  Ph.D.,  Associst#  Profassor  of  Slaotriosl 

Snginasring* 

V*  g*  Snydar,,2 3  Ph.D.,  Associate  Profassor  of  Hsohaniosl 

anginssring  and  Chairman  of  dapartasnt* 

J*  0*  St  ran*  than,  Ph.D.,  Profsaaor  of  Phyaios  and  Chairman 

of  dapartosnt* 

D.  0*  Wilson, 3 Ph.D. , Profsasor  of  Slootrioal  Snginasring 

and  Chairman  of  dspartosnt* 

G*  0*  Wi ••man,  Ph.D.,  Assistant  Profassor  of  Physios* 


1 Rssignad  from  group  January  15,  1952. 

2 Raaignsd  from  group  August  15,  1952. 

3 Rssignad  from  group  March  12,  1952. 
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INTRODUCTION 

The  hydraulio  driva  (H-type)  catapult  with  indiraot  connec- 
tion to  the  aircraft  by  means  of  a cable  hat  been  used  by  the 
Navy  for  a number  of  years.  Although  this  type  of  catapult  has 
been  quite  successful,  it  seems  to  be  the  general  opinion  that 
it  has  been  extended  to  a point  near  its  ultimate  practical 
capacity  and  that  further  expansion  to  higher  oapeoltiee  la 
unwise,  HAHC  Report  No.  H-i^SOS,  "Comparison  of  Kydrsulio  sad 
C-Type  Catapults, * indicates  that  the  weight  of  the  H-type 
catapult  inoreeaes  very  rapidly  as  the  launching  valoeit? 
approaches  275  to  300  knots*  The  study  shows  olearly  that  tha 
limitations  art  due  in  large  part  to  the  presence  of  Accelerated 
eebla  in  the  system,  and  to  a smaller  extent  to  the  aooelarated 
crosshead  and  sheaves. 

Inasmuch  ae  the  Indira  c t» drive  cable  catapult  has  advantages 
not  offered  by  any  dinaot-drlve  catapult  yet  proposed,  it  was 
deemed  desirable  by  this  group  to  investigate  in  sene  detail 
the  origin  and  magnitude  of  the  faotors  giving  rise  to  these 
limitations,  and  to  determine  the  approximate  velocities  beyond 
which  cable-drive  catapults  are  not  feasible. 

In  the  analyses  of  the  following  paragraphs,  many  simpli- 
fications have  bean  mads  in  order  to  bring  out  clearly  the 
salient  features  of  the  indirect-drive  system.  In  these 
analyses  the  effects  of  friction,  plane  thrust,  shuttle  weight, 
and  cable  vibration, as  wall  as  certain  other  Isas  important 
factors,  have  all  been  negleoted.  While  these  factors  may  be 
vital  for  design  purposes,  they  are  not  generally  responsible 
for  the  inherent  limits tione  of  cable'drlve  systems. 

In  the  following  analyses,  the  type  of  engine  has  been 
unspecified.  Whether  the  driving  engine  be  hydraullo,  slotted- 
tubo  or  other  type.  Is  of  no  consequenoe  exoept  insofar  as  it 
alters  the  cable  system*  In  all  oases,  however,  it  nas  been 
assumed  that  the  moving  engine  parts  are  accelerated  arxl 
decelerated  by  means  other  than  eable- transmitted  farces. 


HLE.4ENTARY  CONSIDERATIONS 


Preparatory  to  a discussion  of  particular  cable-drive 
catapults,  it  will  be  advisable  to  consider  certain  more  general 
features  of  the  problem.  This  seotion  will  therefore  be  devoted 
to  a consideration  of  wire  rope  characteristics,  a discussion  of 
the  acceleration  of  a straight  cable,  a treatment  of  the 
acceleration  of  a straight  cable  with  attached  masses,  and  a 
discussion  of  the  effects  of  fixed  and  of  moving  sheaves. 
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Wire  Rope  Characteristics 

The  most  important  variable  affecting  the  performance  of 
indirect- drive  catapults  is  the  ratio  of  the  safe  working  load 
of  the  oable  to  the  oable  linear  weight.  The  weight  of  a given 
site  of  oable  is  readily  found  from  tabulated  data,  but  the  safe 
working  load  must  be  obtained  by  dividing  the  breaking  strength 
by  or  arbitrary  faotor  of  safety.  The  safety  factor  is  dependent 
upon  the  type  of  servioe  insofar  as  bending  stress,  abrasion, 
corrosion,  heat,  speed,  and  nature  and  degree  of  maintenance  are 
concerned;  it  is  also  dependent  upon  the  useful  longth  of  life 
desired.  All  of  these  factors  which  affect  rope  performance 
should  be  considered,  but  the  most  important  is  probably  the 
bending  stress  that  results  when  the  ropo  is  passed  over  a 
sheave  or  drum* 

Although  bending  stress  has  been  the  subjeot  of  a great  deal 
of  investigation,  there  has  not  yet  been  found  any  satisfactory 
method  of  computing  its  magnitude.  The  1947  edition  of  the 
Roebling  Handbook*  lists  eight  formulas  for  the  computation  of 
bending  stresses,  but  the  results  computed  from  these  equations 
vary  greatly,  the  smallest  being  only  8,5  per  cent  of  the  largest* 
Obviously  with  this  wide  range  of  estimates  available.  It  is 
impossible  to  compute  rope  bending  etress  with  any  degree  of 
confidence. 

It  is  recoanended  by  wire  ropa  manufactures  that  allowanoe 
for  bending  stress  be  absorbed  directly  into  the  safety  faotor* 
Since  a stress  caused  by  bending  appears  to  have  more  effeot  on 
the  rope  life  because  of  fatigue  than  it  does  on  its  useful 
static  load,  manufacturers  state  minimum  sheave  diameters  that 
may  be  used  for  reasonable  service  life.  The  use  of  smaller 
sheaves  than  the  reoonxnendod  minimum  will  tause  a greatly 
shortened  lifej  larger  sheaves  will  give  a longer  life.  It 
should  be  noted  that  in  the  application  to  catapults,  rope  life 
Is  secondary  in  importance  to  high  performance.  Safety  may  be 
assured  by  a rigid  and  regular  inspection  procedure* 

in  the  computations  to  follow,  the  ratio  of  working  strength 
to  linear  wo lght  has  been  based  on  the  data  shown  in  the  following 
table.  The  table  lists  the  breaking  strength  in  pounds,  the 
linear  weight  in  pounds  per  foot,  and  tho  calculated  breaking 
strength  to  linear  weight  ratio  in  feet  for  two  typos  and  for 
several  sizes  of  wire  rope.  Prom  this  table  it  can  be  seen  that 
all  of  the  cables  liatod  have  a ratio  of  breaking  strength  to 
linear  weight  of  about  5p,QQQ  ft.  In  later  calculations,  a 
faotor  of  safety  of  approxima  tely  5o  ha3  been  assumed.  Hence, 
the  ratio  uf  workin0  strength  to  linear  weight  is  10,000  ft.j 
in  other  words,  the  weight  of  10,000  ft.  of  rope  hanging  freely 
will  cause  the  maximum  safe  working  stress  to  occur  in  the  upper 


s published  by  Jnhn  a.  Hoeblinz* s Sons  Company. 


t 


k 


end.  Th*  use  of  ft  somewhat  different  feotor  of  safety  would  altar 
tbs  quantitative  results  of  these  Motion*  but  would  not  change 
the  bftsio  oonoluaiona. 


STRENGTH  OP  WIRE  ROPE 


Nominal 
Blame  ter. 
Inch** 


Approx.  Lin* * r 
Weight,  w, 
lb a/ ft. 


Nominal  Breaking 
Strength,  B, 
lbs. 


Caloulatftd 

B/w, 

ft. 


6 x IS  with  fiber  core* 


1-1/4. 

1-1/2 

1-3/4 

2 


1.60 

2.50 

3.60 

k.90 

6.40 


95,000 

lk6,000 

208,000 

260,000 

350,000 


m 

57,800 

57,100 

54,700 


6 x l'» 


with,  independent  wire  ro pa  cor* 


# 


1 

l-JA 

1-1/2 

1-3/4 

2 


1.76 

2.75 

3.96 

5.39 

7.04 


102,100 

157.000 

223,600 

301.000 
376,300 


58,000 

57.100 

56.500 
55,800 

53.500 


* KIL-R-6015  Military  Specification  Rope;  6 by  19,  Extra-High- 
3trangth  Wire  (For  Aircraft  Launching  and  Arresting) . 

# M1L-R-7871  Military  Specification  Rope;  Extra- High-Strength 
Wira,  6 by  19  with  7 by  7 Independent  Wire  Rope  Center 
(Por  Aircraft  Launching  and  Arresting). 
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Hot*  that  tha  maxima  attainable  velocity  is  independent  of 
the  aooalarati on  so  long  as  tha  maximum  permissible  load  Is 
appllad  continuously  to  tha  cabla.  If  a constant  acceleration 
of  is  given  to  tha  cable , the  distance  required  to  attain  a 
velocity  of  602  ft/seo.  is  2500  ft*  This  is  also  of  course  the 
maximum  permissible  length  of  oable* 

On  board  ship,  the  accelerating  distance  is  net  ths  erltloal 
length,  but  rather  the  sum  of  ths  accelerating  and  decelerating 
distances  is  orltioal.  Theoretically  it  Is  possible  to  stop  the 
cable  in  practically  saro  distance  without  breakage  by  gripping 
the  cable  at  every  point  on  and  in  the  oable*  In  practice, 
however,  this  situation  is  difficult  to  approach  closely* 

Case  II s—  Probably  the  simplest  way  to  decelerate  the 
cable  is  to  repleoe  the  towing  force  by  a braking  force  applied 
to  the  rear  end  of  the  oable*  1 he  braking  foroe  ae  well  as  the 
towing  force  must  not  exceed  the  safe  working  load  of  the  cable* 
If  a distance  L is  available  to  aooelerate  and  then  decelerate 
to  zero  velocity  a cable  of  length  L and  linear  weight  w lba/ft*, 
it  is  obvious  that  the  maximum  velooity  that  can  be  attained 
without  exceeding  the  eafe  working  loed  of  the  cable  will  be 
that  obtained  with  equal  accelerating  and  decelerating  distances* 
In  other  words,  the  safe  working  load  is  applied  to  the  front 
end  of  the  oable  as  a towing  force  for  ths  first  half  of  the 
distance  L*  and  then  the  towing  force  la  replaoed  by  a braking 
force  of  equal  magnitude  for  uU  last  half  ot  the  diatsnMLT 

For  such  an  arrangement,  with  e ■ 10, 000 /L,  the 
velocity  attainable  is 


v * v^^sTlTsT  * 567  ft/seo*  (3) 

■ 387  aph* 

■ 336  knots* 


Tha  sane  total  shuttle  run  is  required  in  Case  u to  reach  a 
given  teminal  velocity  ss  is  required  in  Case  I to  reach  a 
terminal  velocity  greater  by  a factor  of 

If,  in  ths  future,  materials  with  a higher  strength  to 
linear  weight  ratio  are  available,  higher  maximum  velocities 
will  be  possible  for  any  given  system*  An  improvement  by  s 
factor  of  1^.  in  tha  strength  to  weight  ratio  would  increase  the 
maximum  teminal  velocity  by  a factor  of  2. 


Acceleration  of  a Straight  Cable  wtfcn  Attached  Masses 

In  any  indirect-drive  catapult,  a great  amount  of  mass  in 
addition  to  that  of  the  cabla  must  be  accelerated  and  perhaps 
decelerated  by  cable-transmitted  forces.  During  tha  acceleration 
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run,  the  plan*  and  shuttle  as  wall  aa  eartaln  other  coapcnente 
auet  ba  accelerated  along  with  tha  oablaj  during  the  declaration 
run,  there  nay  be  a portion  of  tha  noting  mechanists  that  must 
be  dacelaratad  by  o able -transmit tad  foroaa* 


i 


L«t  it  ba  assumed  that  a plana  of  weight  W lba*  and  an 
additional  weight  Wa  lba*  are  attached  to  tha  cable  during 
acceleration, and  that  a weight  We  lba.  la  attached  to  tha 
cable  during  deceleration.  Let  the  total  length  of  run  be 
h ft*,  and  let  a straight  length  of  oable  of  length  fL  ft* 
be  used  to  attach  tha  towing  cab  la  to  tha  towing  engine* 

The  ayste*  la  shown  in  Figure  1*  Two  cases  are  considered)* 

Caee  X,  in  which  the  entire  length  L ia  used  for  acceleration, 
and  Case  11,  in  which  the  length  L le  divided  into  an  acoelerat* 
lag  portion  A and  a decelerating  portion  0.  In  Case  XI 
oable  end  attached  name  undergo  a deceleration  of  dg 


wa 

- 

wd 

_ 

f 

f~ 

i 

Case  I 
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Pigur*  I#  Straight  cable  with  attached  mass** 


3 


Gas#  It*  With  the  notation  defined  in  this  and  the  preoedtng- 
eeotlon. 


P ■ 


w (1  ♦ f)  L ♦ W ♦ 


a 


(4) 


At  the  and  of  tba  aooalaratad  run  of  length  L,  the  velocity  v la 
given  by 


^ 2 (P/w)  g L 

T " mkrrtTi;  '^'Tw^w  • 


(5) 


It  it  convenient  at  this  point  to  introduce  the  conaapt  of 
the  equivalent  length  of  these  additional  masses*  Let  the 
equivalent  length  of  a given  mass  be  defined  as  that  length  of 
eable  which  has  the  same  weight  as  the  mass  being  considered. 
Thus  the  total  effective  length  Le  is  givsn  by 


L0  * (1  ♦ f)  L > V*/w  ♦ W/w  , (6) 

and  the  terminal  velocity  v by 

r - vSpTw*  - 567  y/Zl7h^  ft/seo.  (7) 


Tb»  terminal  velocities  which  can  be  obtained  with  various 
values  of  the  ratio  L^/ZL  are  shown  in  the  table  below;  p/v  is 
taken  as  10,000  ft* 


or 


La  * **d 
2L 


max 


W 


1 

567  ft/seo. 

336  knots 

2 

401 

237 

1,820 

5 

254 

150 

12,600 

10 

179 

106 

30,600 

20 

127 

75 

66,600 

50 

60 

47 

175,000 

100 

57 

54 

355,ooo 
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Cats  IXj- 
? 

and  at  the  end 
ia  given  by 


During  the  acceleration  run 


w(l  + f)L  + Wa>W 


(3) 


of  the  aocelaration  run*  the  teminal  Talooity  r 


r « yjnrj~A 


J 


2 (P/v)  g A 

{1  + f)  L + W^/w  + W/w 


(9) 


During  deceleration 


* II  ♦ fl  t ♦ Mi 


(10) 


and  if  the  Telocity  la  to  be  reduced  to  aero  at  the  end  of  the 
decelerated  run  of  length  D * (L  - A),  then 


T * y/2  d g D * 


/2  (P/w)  g (t  - A> 
V (1  + f)  L + Wd/w 


Proa  equation*  (9)  and  (11)  one  find* 

K (1  ♦ f)  L ♦ V */v  ♦ V/w 
L “ 2(1+  f)  L ♦ V,/w  + W/w 

which  may  be  substituted  in  equation  (9)  to  yield 

fl  /'~  2 h 

T “ v w S v 2 {1  + f)  L + w^/'w  ♦ Wjj/w  + W/w 


(H) 


(12) 


(13) 


It  ie  important  to  note  that  In  this  equation  the  weight  of 
cable  accelerated,  w (1  + f)  l,  the  weight  of  the  cable  decelerated, 
w (1  + f)  L,  the  weight  of  the  mass  which  must  be  accelerated, 
y«j  or  Uses  is rated,  fcy  cable- transmit teu  forces,  and  the 

welf’ht  of  tie  plane,  W,  all  enter  in  exactly  the  same  manner* 

It  ie  thus  important  that  decelerated  masses  as  well  se  aooelerat— 
ed  masse-!*,  be  kept  at  a practical  minimum. 
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If  the  effective  lengths  of  cable  during  acceleration  and 
deceleration  are  defined  respectively  at 


L*  * (l  ♦ r)  l ♦ wt/w  + w/w 
and 


Ld  * (1  ♦ f)  L + Vd/w  » 


than  equation  (13)  be  come  a 


J 


Z L 


+ Ld 


56? 


V I»a 


ft/seo* 


(lii) 


US) 


The  terminal  velocities  which  can  be  obtained  with  various  ratios 
of  (L.  * L^)/2t  are  shown  In  the  table  on  page  8j  P/w  la  taken  aa 
10,000  ft*  lfc.it  table  contains  calculated  plana  weight#  V for 
an  Illustrative  example  of  Caao  II,  In  which  L * 200  ft*, 
f <■  0*5* and  W.  - Wd  - 0.05  W.  Thaae  are  included  merely  to 
indicate  the  trend  of  plane  weights  with  increasing  value*  of 
the  parameter  (L*  + Ld)/2L.  Hot#  finally  that  for  either  Case  I 
or  Case  II,  the  initial  entry  for  W2L  - 1 correspond*  to 
aooalaration  of  the  cable  without  plana  or  other  attaohed  mast* 


3ffeot*  of  Fixed  and  of  Moving  Shaavat 

The  effect  of  a theave  depend*  upon  whether  the  sheave  la 
fixed  or  moving,  and  upon  whether  it  is  s part  of  a reeved  system* 
This  seotion  will  be  concerned  with  the  effects  of  sheaves  under 
various  olreuastances. 


General  Consideration* 

In  the  treatment  of  sheave*,  the  rotational  and  translational 
effeot*  are  considered  independently  of  each  other.  In  the 
subsequent  analyses,  the  following  notation  will  be  used  with 
» reference  to  Figure  2 on  the  following  page. 


* 


11 


■ Uppor  rope  load  (in  lba») 

?2  * Lower  rope  load  (in  lbs*) 

* Applied  force  (in  lbs.) 
tr^  » Velocity  of  the  upper  rope  (in  ft/seo*) 

*2  * Veloolty  of  the  lover  rope  (in  ft/eeo.) 

Vi  • Translational  voice  ity  of  the  sheave  (in  ft/eeo*) 


a,  ■ Aooele ration  of  the  upper 
rope  (in  g) 

a-  ■ Aooeleration  of  the  lover 
rope  (in  g) 

a*  * Translational  accol- 
J eration  of  the 
sheave  (in  g) 

v * Linear  weiefct  of  tha 
rope  (in  lbs/ft.) 

V-  * Wei^it  of  tha  sheave 
(in  lbs.) 

V_  * weight  of  the  yoke 
J (in  lbs.) 

r ■ Mean  radius  of 
ourvature  of  the 
cable  (in  ft.) 

k * Radius  of  gyration  of 
sheave  (in  ft.) 

u->  * Angular  velocity  of 
sheave  (in  rad/eeo*) 

<x  ■ Angular  acceleration  ? 

of  sheave  (in  rad/aeo2*) 


V, 


a2 


Figure  2.  Forces,  velocities 
and  accelerations 
in  a fixed  or  a 
moving  sheave* 
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From  the  geometry,  the  following  relation*  are  apparent  t 

*1  - *2 


*3  „ 

*1  * *2 
‘3 — 


uJ 


CK 


Ti  * T; 
2r 


41  + a2 


2r 


(16) 

(17) 

(IS) 

(19) 


Conaidaratlcn*  of  the  rotational  motion  gives 


f2-?1 


r *2 

!w-^  + 


1 *1  ♦ »? 
. W IT  r | ,€ 

a .p  ] 2 


(20) 


Consideration*  of  the  translational  motion  gives 


r 

p3  * pi  * p2  * w*  + wy  * w ff  r 


(21) 


Fixed  sheaves 


For  a fixed  sheave,  v,  «*  v,  ■ ▼»  * *2 

a^  * 0.  1hen  froa  equation  (?0j 


a,  Tj  • 0 and 


v 


tt  r i 


a 


(22) 


In  this  equation,  the  terse  in  bracket*  on  the  right  aide 
corresponds  to  the  sum  of  the  aetual  length  of  cable  in  a 180® 
bend  plus  the  equivalent  length  of  the  sheave  itjelf.  If  the 
latter  is  designated  by  Lfl,  so  that 


L 


s 


9 


(23) 


then  equation  (22)  be  cornea 
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P ? 1 

i.  J.  ,1,  + nr.  * • (24) 

w w * 


The  quantity  in  brackets  in  equation  (24)  tnaT  be  tamed  the  total 
equivalent  length.  Hr  on  equations  (21)  and  124)# 


?3  ?2  ' : 

— * ■ 2 - La  + * r;  a 

v w 8 


(25) 


Typical  values  of  L.  are  shown  in  the  table  on  page  14*  While 
the  values  for  the  equivalent  lengths  of  various  sheaves  vary 
over  a considerable  range,  it  is  reasonable  to  use  an  equivalent 
length  of  25  ft,  for  any  sheave  in  the  present  calculations*  It 
any  be  noted  that  the  equivalent  length  in  feet  is  approximately 
the  eaae  as  the  sheave  to  cable  diameter  ratio.  D/d,  for  the 
sheaves  considered. 


Moving  Sheave  with  One  Cable  Dead-Ended 

in  this  case  as  shown  in  the  adjacent  sketch,  v,  * 0, 

*2  * °*  *3  * v^/2,  ^ *3  * *l/2. 


Q| 


o 


Data  ara  from,  "Catapult  Cable  and  diioava  Characteristics,”  Test  Data,  4!«D-!1AKC-2230A 
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Than  from  equations  (20),  (21)  and  (23) 


N ¥ 


and 


(26) 


(27) 


It  should  be  noted  her®  that  the  total  equivalent  length  ae  shown 
In  brackets  In  equation  (26)  la  only  half  that  of  equation  (2k). 
The  reason  la  that  the  angular  aa  cels  ration  her*  la  only  half  ae 
great  as  that  In  the  previous  ease.  * 


Multiply  Reeved  Sheave  Systems 


Consider  a system  of  moving  and  fixed  sheaves  of  multlpli- 
cation  n.  There  are  n/2  moving  sheaves,  end  in/2  - 1)  fixed 
sheaves,  or  (n  - 1)  sheaves  In  all*  The  system  is  shown  In 
Pigure  3#  P«gs  16.  let  the  fixed  sheaves  be  designated  by 
1 •*  1,  2,  3,  • • • • n/2  **  1,  the  moving  sheaves  by  J * 1,  2, 

3#  ?/2*  *nd  ***  oabl*  by  k * 1,  2,  3,  ...  . 

n * 1,  all  In  order  from  the  dead  and  of  the  cable.  The 
ecoele ration  aa  indioatad  in  tha  figure  la  aero  in  the  firat 
oable  segment,  a in  the  last  segment,  and  21  a/n  In  the  two 
cable  segments  in  contaot  with  the  fixed  sheave  1.  The  linear 
so  cels  rat  ion  of  the  whole  set  of  moving  sheaves  is  a/n. 


^subsequent  analyses  it  is  convenient  to  use  a Quantity 
here  defined  as  the  effective  length”  of  certain  cables.  Sinoe 
most  of  the  cables  in  a railtiply  reeved  system  have  accelerations 
less  than  the  maximum  acceleration  in  the  system,  force  calcu- 
lations are  simplified  by  considering  the  "effective  length"  of 
any  cable  aa  equal  ;o  the  actual  length  multiplied  by  the  ratio 
of  the  acceleration  of  that  cable  to  the  maximum  acceleration 
la  t ixb  9jT3t#M«  Xf  the  center  to  oontor  dlst&nco  bdtwe#n  tii# 
two  sets  of  sheaves  is  Z ft.,  the  effective  length  L„<  of  the 
two  cable  segments  in  contact  with  the  fixed  aheevo  S1!* 


L 


oi 


(28) 
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The  total  effective  length  of  oabla  between  points  A and  B in 
Figure  3 la  L0,  given  by 


n/2  * 1 

i,  * Z ♦ 2 ^>~ 

1 ■ 1 


n*-.f  z 

n 2 


(29) 


The  oabla  segments  in  oontaot  with  tha  fixed  sheave  1 ara 
thoaa  designated  21  and  21  ♦ 1»  Tha  difference  in  fonee  batwaan 
tha a a two  sagnanta,  from  aquation  (22)* is 


?21  . ?21+1 
v w 


a »r  p 


11 

n 


a 


(30) 


obout  It,  la  given  by 


hi 


i 

♦ ir  r | 


(31) 


and  tha  total  effective  langth  of  all  the  fixed  aheavas  and  tha 
oabla  wreoped  on  than,  daaignatad  Lf,  la  glvan  by 


L 


f 


n/2  - 1 


1-1 


1 n - 2 

— —1 

L,  * w r j - , 

L#  + tr  r 

_ 

(32) 


Tha  oaola  segments  in  contaot  with  the  moving  sheave  j ara 
those  daaignatad  2J  - 1 and  2J*  The  difference  in  foroa 
batwaan  thaaa  two  segments,  froa  aquation  (20),  ia 


2J-1  1L1. 

w w 


L,  + w r 


i r;.q-jLi . , ii  a| 


r.  i 2j  - 1 

1 L.  aw  p I -*4: — 


(33) 


Ibis  equation  takes  no  aocount  of  forces  required  to  produce  a 
translational  acceleration  of  the  sheaves  or  of  any  possible 
aroashead;  these  forces  are  not  transmitted  by  tha  cable  in  any 
praotioal  catapult  application#  from  equation  (33)#  the 


total  affaotiva  length  of  tha  moving  sheava  J and  Ita  half  turn 
of  oabla,  la 

h,j  - 1Jra  [>  * * r]  • (34) 

and  L_»  tha  total  affaotiva  length  of  all  tha  moving  ahaavaa  and 
tha  o2bla  wrappad  on  than,  la  givan  b y 

n/2 

^ . V [l,  ♦ « r]  -2  Fl.  ♦ « rj  . OS) 

J • 1 


Tha  total  affaotiva  lingth  L*  of  tha  antlra  aaoanbly  batwaan 
point  a A and  B of  Pigura  3 la  tha  aum  of  tha  individual  affaotiva 
langtha  of  cab la  aagmanta  and  ahaavaa.  Thu a ona  find*  from 
aquatlona  (29),  (Inland  (35) 


I*t  " | 2 + [La  + " *]  * 5 [Li 


+ tt  r 


Lt  - 


t[» 


Z * (n  - 1)  rrr  + (n  - 1)  L# 


31nca  tha  total  actual  length  of  oabla  la  in  7.  * (n  • 1)  ir  r]  , 
and  there  are  n - 1 sheaves  each  of  equivalent  length  La,  tha 
total  effaotlve  length  of  the  reeving  system  may  be  exprsssedHan 
the  form 

Het  effective  length  ■ ^ x Sum  of  equivalent  lengths  of  components. 


Consider  for  example  the  system  shown  in  Pigure  4,  drawn  for 
a reeving  system  of  multiplication  n » 4.  The  length  of  run  is 
assumed  to  be  200  ft.;  there  is  assumed  an  additional  100  ft.  of 
vertioal  cable.  3ince  there  are  .four  sheaves  exclusive  of  the 
reeving  system,  each  of  equivalent  length  25  ft.  as  discussed 
earlier,  the  total  effective  length  of  toe  system,  exclusive  of 
the  reeving,  is  600  ft. 


19 


Heglecting  the  diameter  of  the  ahoavee  end  the  dlatanoe  x, 
one  finds  that  with  multiplication  n,  the  minimum  possible 
length  of  additional  cable  la 


n - 1 
n 


x 200  r t.. 


half  of  which  will  be  effective;  In  all  probability , the  length 
will  be  somewhat  greater  than  this.  In  addition  there  will  be 
2(n  - 1)  sheaves,  each  contributing  (1/2)  x 25  ft.  to  the  effective 
length  of  the  system.  The  net  effeot  of  these  additions  is  as 
follows i 
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Multiplication 

Length  of 
Basic  system 

Additional  Due 
to  Reeving 

Total  affective 
Length 

1 

600  ft. 

0 ft. 

600  ft. 

o 

w 

600 

75 

675 

4 

600 

iso 

ISO 

6 

600 

208 

808 

8 

600 

263 

863 

10 

600 

315 

915 

12 

600 

367 

967 

14 

600 

418 

1018 

16 

600 

469 

1069 

It  is  of  Interest  to  not*  that  in  this  example,  when  the 
multiplication  la  increased  by  a factor  of  16,  the  total 
effective  length  la  increased  only  be  a faotor  of  leaa  than 
2.  On  the  other  hand,  the  unavoidable  inoreava  In  affaotlve 
oable  length  la  extremely  significant  at  high  oapacltlaa, 
particularly  In  case  a long  run  la  ncceaaary  to  attain  the 
end  speed  desired*  Both  the  length  of  run  and  the  maximum 
acceleration  are  In  general  determined  by  other  factors* 

The  sole  advantage  of  multiple  reeving  therefore  lies  in 
decreasing  the  length  and  speed  of  the  engine  stroke* 

However,  this  must  always  be  done  at  the  expense  of  inoreaaing 
the  effective  length  of  cable,  and  in  cable-drive  systems 
already  near  their  ultimata  capacity,  the  addition  of  multiple 
reeving  beeomes  impractical  or  even  impossible  from  the  stand- 
point of  the  over-all  weight  of  the  installation* 


INDIRECT  CABLE-DRIVE  CATAPULT  WITH  RETRIEVING  CABI£  BRAKING 

The  previous  examples  have  been  concerned  with  the  basic 
relationships  Involved  in  cable  systems  in  a simplified  fom; 
the  systems  have  not  conformed  to  what  is  actually  used  in  a 
praotioal  application.  In  order  to  determine  the  character- 
istics of  a typical  cable-drive  system,  consider  the  indirect- 
drive  catapult  shown  in  figure  5* 


Plgure  5«  Indirect  cable-drive  catapult  with  retrieving 
sable  braking. 


Qne-ta-One  Heaving 

Let  it  be  assumed  that  the  piano  la  accelerated  for  a length 
of  ran  A to  an  end  speed  of  v ft/sec.,  following  vnich  the  cable 
and  associated  sheaves  are  decelerated  in  u length  of  ran  D to 
sero  velocity.  Let  it  further  bo  assumed  that  the  aocolerating 
cable  is  of  linear  weight  wa  lbs/ft.  and  is  acted  upon  by  the 
aafo  working  load  ?4  lbs.  .similarly,  the  decelerating  and 
retrieving  cable  is  of  linear  weight  Ibs/ft.  and  is  acted 
upon  by  its  safe  working  load  lbs.  mass  of  the  shuttle 

is  neglected,  and  it  is  assumed  that  the  cable  does  not  transmit 
forces  to  ohange  the  kinetic  energy  of  any  part  of  the  catapult 
engine.  In  the  analysis  the  following  notation  will  be  used: 

L * Total  length  of  run  (in  ft.) 

A * Length  of  accelerated  run  (in  ft.) 

D ■ Length  of  decelerated  run  (in  ft.) 

fL  ■ Length  of  auxiliary  cablo  required  to  connect  the 

catapult  to  tho  onrine,  including  tho  equivalent  length 
of  the  sheaves  required  (in  ft.) 

y w We  i.  % o - 2 Xu  no  (In  IX?  * } 
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P4  ■ Applied  (sa fa*  working)  load  for  driving  cable  (in  lbs.) 
wft  * driving  cable  liuoar  weight  {In  lba/ft.) 

Pd  * Applied  {a&fe  working)  load  for  retrieving  oabla  (in  lbs.) 
wd  ■ Retrieving  cable  linear  weight  {in  lba/ft.) 

a » Acceleration  during  uccelo rated  run  A (in  g*  a.) 

d **  Deoelorati  n during  doooloratod  run  D (in  g'a.) 

y m w^/w.  * Pj/P^  * °‘  oroas- sectional  areas  of 

retrieving  and  driving  cAblea,  assumed  to  bo  of  3 use 
material  and  construction. 

v • End  apoed  at  end  of  ueoele rated  run  (in  ft/sec.) 
d * Kinotic  oaorgy  of  plane  at  tako-off  {in  ft-lba.) 


During  the  aeccl«rated  run,  tho  piano  and  all  of  the  oabla 
are  accelerated  by  the  eppliod  force  f.}  application  of  Nawton'a 
Law  yields  1 


1 

P.  » wfc  (L  + fL)  + w»  (L  * fL)  + W * a . (36) 

At  the  end  of  the  accolarated  run  A,  tho  velocity  will  be 


v 


r / 2 P#  g A 

yd  a g A = v ^ (L  d ilT*  «d  IX  * fL)  + W 


(39) 


Similarly  for  tho  decelerated  run, 

Pd  » wft  (L  + CL)  + wd  (L  + fL)l  d 


UO) 


v * \/2  d g U 


2 Pd  g IL  * A) 

(L "+  fL)  + wd  (L  " fL) 


( U) 


anu 


Elimination  of  A from  equations  (39)  and  ( 41 ) 7 la  Id  a 

/ " 2 g 

* * Ml  ♦ ?,/?,!)  (1  ♦ vd/wt)  (1  ♦ f)  ♦ W/waL 


or  since  y • w^/v^  ■ P^/P*# 


2(P»/«,)E 


(2  ♦ y ♦ 1/7)  U ♦ f)  ♦ W/wtL 


Proa  equation  (38)  on*  obtains 


3L-I  Jft-  (1  ♦ y)  (1  ♦ f)  L 

"a  a Wt 


Substitution  of  this  result  in  aquation  (43)  yields 

r 2 i'A1 8 

V a V ■ 4 11  ■ - • (i| 

(1  ♦ h (1-a  D ♦ ( 1/aL)  (P./W.) 

7 

In  equations  (44)  and  (45)*  P./w*  • 10,000  ft*  as  In  previous 
oases,  and  g “ 32*2  f t/seoz. ; Tienos 

W - ^ 10,000  - (1  ♦ y)  (1  ♦ f)  (a  L) 1 (i 


< 644,000  (aL) 

10,000  4 (1  ♦ 1/7 ) (1  ” O (aL) 


E • WV 


The  energy  imparted  to  the  plane  at  take-off  ia  given  by 
y2/2g;  thus  from  equations  (4&)  *nd  (47)  one  find* 


10,000  w>  10,000  . [1  t 


10,000  + {1  + 1/y)  (1  + f)  (aL) 
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In  applying  these  results  to  * typical  catapult  installation, 
it  is  reasonable  to  assume  f » 0.50j  that  is,  that  the  total 
equivalent  lengths  or  the  tow  cable  ana  the  retrieving  oabla 
are  aaoh  1*5  times  the  total  length  of  run  L»  Por  further 
analysis  it  is  also  convenient  to  introduce  two  new  variables 
W*  and  £*  defined  as  follows j 

w*  * " 10*000  - 1*5  (1  ♦ y)  (aL)  (49) 


and 

da  10,000  - 1.5  U + y)  (al) 

“ 10,000  wa  " UL)  10,000  ♦ 1.5(1  ♦ l/y)  (aL) 


(50) 


Both  W*  and  E*  have  the  dimensions  of  length.  With  f * 0.50. 
equation  (47)  becomes  * 


v m 


! 

J 


&44.000  (al) 

io#ooo  ♦ 1.5  (i  ♦ i/y)  (al) 


(51) 


These  three  equations  now  define  W‘ , B»  and  v as  functions  of  r 
and  (al)  only. 

The  ratio  of  accelerated  run  length  to  total  length,  A/l, 

Is  of  importance  In  determining  catapult  performance  end  else 
requirements.  Proa  equations  (39)  and  (51)  this  ratio  is  easily 
shown  to  be  given  by  ^ 


4 10,000 

L * 10,000  ♦ 1.5  (1  + l/y ) (al) 


for  the  special  case  under  consideration. 

Another  factor  of  extreme  importance  in  determining  catapult 
performance  is  the  ideal  efficiency  e,  hero  defined  as  the  ratio 
of  the  energy  Imparted  to  the  plane  at  take-off  to  the  total 
energy  delivered  to  the  moving  system.  In  the-  terms  used  above, 
one  finds  from  equations  (48)  and  ($2)  * 


2 ^ V* 

Pa  A * 10,000 


This  result  holds  for  Pft/v4  * 10,000  ft,  and  for  any  value  of  f 


2$ 


■ «T 


Values  of  v,  W* , H' , e and  A/L  ha vo  been  computed  for  * 
rang#  of  y from  0 to  1.2  iur. d for  values  of  (aL)  over  the  entire 
phyaioally  realizable  range.  These  results  are  shown  la  Figures 
6*9»  pages  26-29 J in  each  figure  the  uppermost  curve  corresponds 
to  aero  plane  weight,  and  the  dashed  line  to  maximum  energy 
output  aa  shown  below. 

Prom  these  curves,  it  may  be  seen  that  the  values  of  v(  W* , 
S',  * end  A/L  depend  aardedly  upon  y as  well  aa  upon  aL.  For 
maximum  energy  output,  the  optimum  value  of  y for  a given  value 
of  aL  oan  be  found  by  sotting  ( £a</^y).T  ■ 0.  The  “optimum  value 
of  7 » 7rn*  18  given  by 


6667  » (aL) 
y°  " 6667  ♦ {aL} 


(54) 


Values  of  j for  optimum  energy  output  from  thi3  equation  are  aa 
follows  t 


aL 

*2 

0 ft. 

1.000 

1000 

.739 

2000 

*533 

3000 

.379 

4000 

.250 

5000 

.143 

600u 

.053 

6667 

.000 

These  values  define  the  dashed  line  on  the  four  sets  of 
curves.  The  oxact  position  of  the  curve  is  determined  by  the 
assumed  values  of  f (0.50)  and  P-/va  (10,000  ft.);  similarly 
the  maximum  allowable  value  of  aL  is  determined  by  these  assured 
values,  and  is  equal  to  (P^/WgJ/U  + f),  or  6667  ft.  in  the 
present  Instance. 
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• Values  oi'  v (in  ft/sac.)  as  a function  of  &L  and 
y 'for  an  indirect-drive  catapult  with  retrieving 
cable  braking. 


Figure  6 
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Figur>*  7, 


Values  of  W*  (in  l*t.)  ana  e (in  pep  cent)  as 
iunctiono  o 1 uL  and  y for  un  Indirect-drive 
catapult  with  rstrioving  cable  braking. 
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Figure -8*  Values  of  s'  (in  ft.)  as  a function  of  aL  and  j 
for  an  indirect-drive  catapult  with  retrieving 
cable  braking’. 
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Ths  maximum  value  of  H*  possible  with  this  oatapulfc  may  be 
found  by  sotting 


r 5 

l <M*L).y 


0 


and  substituting  equation  (54)  in  the  result*  The  ooordinatos  of 
the  maximum  energy  point  and  the  energy  at  this  point  am 

aL  * 1574  ft. 
y * 0.613 
E»  - 601  ft. 


This  point  is  shown  as  a solid  circle  on  all  four  graphs* 

From  Figure  6,  it  is  seen  that  the  maximum  velocity  is 
obtained  on  the  upper  limiting  line  of  perfomanoe  (when  W*  * 0). 
The  equation  of  tills  line  is  from  (49), 


10,000 

mL  * 1.5  (1  ♦ y) 


(55) 


Substitution  of  this  result  inequation  (51)  yields  v%  the 
velocity  corresponding  to  zero  plane  weight,  as  a function  of  y. 


v# 


j 429,000 
^ 2 ♦ y + 1/y 


(56) 


The  maximum  value  of  v°  and  the  corresponding  values  of  y and 
aL  may  be  found  ’ y setting  dv °/ dy  ■ 0 and  solving  for  y.  Thus 
one  obtains 


aL  - 3333  ft. 

y - i 

▼ * vrn4Lx  “ 328  ft/sec.  ■ 224  mph  * 194  knota. 


This  point  is  shown  on  the  graphs  as  an  open  c.'  rclo. 
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The  maximum  velocity  obtained  on  the  maximum  energy  line 
(the  dashed  lino  in  ell  figures),  mey  be  found  from  equations 
(51)  end  (54)*  Substitution  of  (54)  In  (51)  yields  v» , the 
velocity  for  maximum  energy  output,  as  a function  of  aL* 


v* 


/64.U  (aL)  f 6667  - UL) : 
V 6667  + ( «L ) 


(57) 


Setting  d\*/d[al)  * 0 and  solving  for  aL,  y and  v» , one  finds 


aL  - 2761  ft. 
y ■ 0.414 

v'max  * 271  ft/seo.  « 185  mph  » 160  knots. 

This  point  is  shown  in  the  graphs  as  an  open  square. 

The  curves  in  Figures  6-9  show  that  tho  possible  ta^-off 
speed  is  definitely  limited  regardless  of  the  site  of  d ving 
and  retrieving  cable  used.  The  maximum  energy  for  a gi.em  else 
cable  is  also  limited;  it  doee  not  inorease  indefinitely  as  the 
length  of  run  is  increased. 

The  relationships  among  E* , W»  and  v for  increasing  values 
of  aL  are  shown  in  Figures  10  and  11,  pages  32  and  33*  Figure  10 
shows  the  perfomance  of  a series  of  catapults  in  which  the  value 
of  y is  varied  continuously  so  as  to  remain  at  the  optimum  value 
sa  aL  is  increased.  With  this  condition.  It  may  be  noted  from 
equations  (49),  (53)  and  (54)  that  the  curves  of  y,  e and 
W*  x 10 ”4  ss  functions  of  aL  all  oolnoide.  Figure  11  shows 
the  performance  with  y constant  aba  value  of  1,0  as  aL  is 
increased.  Also  plotted  in  Figures  10  and  11  are  the  values 
of  end  speed  (VH  a g l)  to  be  obtained  were  the  entire  length 
of  run  used  for  acceleration. 


C’U'a  11.  Porf  orr.unce  oi'  inuiro et-drivo 

catapult  with  re  iriov in.;  call 
braiiln.;  '•*’  1 ti ; y — X.  .olneiii 
>iro  in  I't/'.oc.  ; W and  j;«  are 


Sines  tha  general  aspects  of  indirect- drive  cable  systems 
with  retrieving  cab'.o  braking  have  been  covered  in  the  preceding 
section,  the  treatment  of  a multiply  reoved  system  may  be 
simplified  to  emphasise  the  actual  effect  of  multiple  reeving 
on  speed  limitations*  The  system  is  that  shown  in  Figure  $ 

(page  21)  modified  to  include  multiple  reeving  of  the  sort 
Indicated  previously  in  Figure  If  (page  19)*  It  is  assumed  that 
all  cable  has  the  same  linear  weight  and  maximum  strength,  that 
1*  T ■ 1#  In  the  notation  previously  used,  the  total  equivalent 
length  of  cable,  1^,  la  given  by 


4 L, 


In  • 1 


| + 2 (n  - 1) 


in  which  n is  the  multiplication  and  1.  the  equivalent  length  of 
a sheave*  This  expression  is  easily  obtained  from  the  discussion 
on  page  1$.  In  addition  to  this  effective  length  of  cable,  the 
piston  and  crosshead  assembly  must  be  accelerated  and  tieoelerated, 
but  it  is  assumed  that  no  cable- transmitted  forces  are  involved. 
The  weight  of  the  shuttle,  which  generally  will  be  relatively 
small,  may  be  neglected  in  the  approximate  treatment. 

If  now  .the  maximum  load  P is  applied  continuously  during 
acceleration, 

P - (L0  w ♦ W)  a , ($9) 

In  which  w is  the  cable  linear  wei  ht,  W tie  olane  weight,  and 
a the  relative  acceleration  in  units  of  g.  At  the  end  of  the 
accelerated  run  of  length  A,  the  velocity  v is  given  by 


\/2  a g A 


s/: 


L,  w + W 


During  the  deceleration  run,  if  the  safe  working  load  P is 
again  applied  to  the  cable. 


P ■ L#  v 4 


Since  the  velocity  is  to  be  reduced  to  zero  in  tho  distance 
L - A, 


▼ " V2  d g (L  - A)  ■ V2 ! B V 


(63) 


If  tho  velocity  v is  olininatad  from  equations  (60)  end  (62), 
one  obtains 


A 

L 


L,  w + W 
2 L*  w + W 


(63) 


and  the  substitution  of  this  result  in  equation •( 60)  yields  for 
tho  velocity  v. 


v * g '/ 


P L 


2 4 v + W 


(6k) 


Since  L increases  with  increasing  multiplication,  it  ia  obvious 
that  the  maximum  velocity  v must  decrease  with  increasing 
multiplication*  For  specific  illustration  the  following  values 
of  the  various  quantities  nay  be  assumed  consistent  with 
calculations  made  in  the  several  other  sections  of  this  report! 


P ■ 100,000  lbs. 

L - 200ft. 


w * 10  lbs/ft. 
Lg  ■ 25  ft. 


Let  us  take  f * 0,25,  the  value  appropriate  to  the  system  shown 
in  Figure  i|.  Substitution  of  these  values  in  equations  (59)  and 
(6k)  yields 


L « 600  + 100  ^ I ♦ 25  (n  - 1)  ft. 
e 1 n 


and 


35900 


v » 


v/w  ♦ 12000  + 500  (n  - 1)  + 2000  (n  - l)/n 


(65) 

(66) 

ft/sec. 


Since  there  ia  almost  certainly  a maximum  acceptable 
acceleration,  if  the  safe  working  load  P is  applied  to  the  tow 
cable,  then  the  piano  weight  W must  oxceod  a certain  minimum 
dote  mined  by  the  maximum  acceleration  through  oquation  (59). 

If  for  example  the  maximum  acceleration  is  q.g,  then  for 
n * 1 tho  weight  W must  exceed  19000  lbe4;  for  higher  values  of 
n,  lower  corresponding  limits  may  be  calculated  x'or  W.  Obviously, 
lighter  loads  may  be  catapulted  at  a safe  accolo  mtion  by 
applying  leas  than  the  maximum  working  load  ? to  the  tow  sable. 

It  nay  be  shown,  however,  that  the  limiting  velocity  in  such 
case  ia  exactly  the  same  aa  for  the  heavier  load  if  the  maximum 
braking  force  ia  to  be  applied  in  each  case.  If  the  towing  and 


■<? — 
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braking  force*  are  to  be  equal  for  a light  load,  and  less  than 
the  max lama  allowable,  then  the  limiting  velocity  for  a light 
load  ia  less  than  that  attainable  with  the  heavier  load  at  the 
same  acceleration  (over  a longer  accelerating  run)  with  the 
maximum  load  P applied  to  the  cable* 

Values  of  the  limiting  velocity  v in  ft/sec*  calculated  for 
aeleoted  values  of  the  plane  weight  W and  multiplication  n are 
shown  in  the  following  table* 


W in  lbs* 

For  a 

Kultioli cation  n 

l 

2 

k 

8 

12 

16 

19,000 

204 

199 

195 

189 

133 

179 

25,000 

187 

183 

130 

175 

170 

167 

30,000 

175 

172 

169 

165 

161 

158 

40,000 

157 

155 

153 

150 

147 

145 

50,000 

144 

142 

140 

138 

136 

134 

An  alternative  way  of  viewing  the  effect  of  multiple 
reeving  is  to  oonsider  the  veloolty  as  limited  by  the  acceleration 
maximum  mentioned  earlier.  If  the  acceleration  must  not  exceed 
4g,  then  one  finds  from  equation  (66) 


w , : i2222  - 12000  - 500  (n  - 1)  - 2000  ' " ■■  j , (67) 

L T - L n ! 

•w 

but  frcm  the  restriction  a = 4 and  equation  (59) 

V = 19000  - 250  (n  - 1)  - 1000  ' — ! . (69) 

n 


Sllmination  of  W from  those  two  relations  yields  the  following 
expression  1 or  v* , the  upper  limit  on  the  velocity  consistent 
with  a maximum  acceleration  of  4s» 


35900 

a/TiOOO^T^Su  (n  -1) 'Tiobo  TrT-TjTn 


v» 


ft /sec.  (69) 
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Valuoa  oI*  the  limiting  velocity  v*  and  tho  cori'o  spending  value* 
of  minimum1*  pluna  woi.-ht  W uro  riven  In  tho  following  tablo  for 
selected  values  of  the  multiplication  n. 


n 

1 

? 

k 

8 

1? 

16 

v'  ft/sec. 

204 

201 

199 

196 

193 

190 

W lbs. 

19,000 

ld,3.oo 

17,500 

3.6,400 

15,300 

14,300 

Th*  ideal  offleioncy  of  u catapult  Installation  doponda  on 
the  degree  of  reeving,  und  is  easily  shown  to  docroase  with 
increasing  multiplication  in  the  reeving.  With  tho  safe  working 
cable  load  P and  the  length  of  run  L fixed  us  above,  and  with  the 
saiRO  values  again  assured  for  the  several  othor  quantities,-  the 
ideal  efficiency  e is  given  by 


. W v2/?  g . 1 

* ?A  ' Lfc  w ♦ W 


(70) 


For  the  case  considered. 


W 

* “ W * 6000  + 250  (n  - lj  ♦ 1000  (n  - l)/n 


. (71) 


Tho  table  below  lists  valuoa  of  the  officien:y  e in  per  cent  for 
selected  values  of  tho  plane 'weight  X in  lbs*  ani  6he  nultipli- 
cation  n* 

W in  lbs.  For  a Multiplication  n 


1 

2 

k 

3 

12 

16 

19,000 

76.0 

73.3 

71.7 

68.8 

66.3 

64.0 

25,000 

80.6 

73,7 

76.9 

74.3 

72.1 

70.1 

30,000  * 

83.3 

8l;6 

30.0 

77.7 

75.6 

73.7 

40,000 

87.0 

35.6 

84 » 2 

• 32.3 

80.5: 

7.3.9 

50,000 

09.3 

8 J . 1 

37.0 

85.3 

83.3 

32.4 

e Seo  last  paragraph  on  page 


fur  significance  of  ’'minimum*-". 
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Although  tho  undo si rub  1®  effect  of  increasing  multiplication 
on  tho  efficiency  becomes  loss  pronounced  aa  the  plane  weight 
increase a , it  la  novortheleaa  an  important  faotor  and  definitely 
militates  against  the  use  of  multiple  reeving  in  high  oapaoity 
indi root-drive  catapults. 

It  should  be  recognised  that  concomitant  with  the  daoraaaea 
in  maximum  velocity  and  ldoul  efficiency  doacribed  above,  there 
muat  always  be  an  increuse  in  the  total  weight  of  an  lndireot 
installation  as  tho  dogree  of  reeving  is  increased.  With 
increased  multiplication,  tho  added  oablo,  sheaves  and  yokis 
all  increase  the  total  woight.  The  contribution  of  the  cable 
is  given  by  L w (n  - l)/n,  where  L is  the  length  of  the  entire 
run  and  w is  the  weight  per  foot  of  oeble.  The  inoreased  weight 
due  to  the  aheavea  ia  directly  proportional  to  the  number  of 
•heaves  in  fc’te  reeving,  and  honee  may  be  written  as  a function 
of  the  multiplication  n«  Thus 


Wa  ■ Constant  x (n  - 1) 


(72) 


The  oroashead  must  also  Increase  in  weight  with  increasing 
multiplication,  probably  almost  linearly.  Aa  an  approximation 
one  may  write  for  the  weight  W0  of  the  oroeshead 


W0  ■ Constant  ♦ Constant  x (n  - 1)  • (73) 


A little  consideration  indicates  that  none  of  the  constants 
in  equations  (72)  and  (73)  is  necessarily  small,  and  the  total 
Increase  In  weight  with  increasing  degree  of  reeving  may  be 
quite  considerable.  Thus  maximum  velocity,  efficiency  and 
total  weight  are  all  affected  in  an  undosirable  manner  by 
increases  In  ths  degree  of  reeving. 


INDIRECT  CABLE-DRIVE  CATAPULT  WITH  SHUTTLE  BRAKINQ 

The  preceding  section  (page  20)  has  shown  the  generalised 
performance  to  be  expected  from  a conventional  indirect-drive 
catapult  with  a retrieving  cable  used  for  braking.  It  was  seen 
that  the  retrieving  cable  size  is  of  considerable  importance  in 
the  performance,  and  the  retrieving  cable  ia  itself  an 
appreciable  part  of  the  aoeexoruted  mass  causing  the  limitations 
in  speed. 

In  tho  following  anulysis  it  is  assumed  that  the  retrieving 
cable  is  eliminated  ontirely,  with  braking  accomplished  at  the 
shuttle  after  the  end  of  the  ucceluruted  run.  All  other  factors 
affecting  porformaned  uro  loft  unchanged?  that  is,  the  effective 
length  of  the  driving  cuble  is  assumed  to  be  l.i>  times  the  length 
of  tho  total  run,  uml  the  uhutlle  weight  is  neglected.  The 
system  considered  is  shown  in  Figure  12.  Let  tho  notation  be 
the  same  as  in  the  previous  suction,  oxcuot  thut  Pt  ■ p,  and 
wft  - 
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Figure  IF.  Indirect  cable-drive  catupult  with 
shuttle  braking. 


Daring  acceleration, 


P *»  (1.5  '■»  L + V)  a 


(74) 


and  at  tho  end  of  the  accelerated  run,  the  velocity  is  given  by 


v » ^2  a z A * \f 


2 P g A 

1*5  w L + V 


Similarly  for  tho  decelerates  run. 


P * 1.5  w L d 


(75) 


(76) 


and 


v 


y/2  u g U 


p r.  (L  - a) 

1.5  w L 


(77) 


Eliminating  A from  oquutlonn  (75)  and  (77)  ono  finds 


/ 2 P B L 

V _ y ■ 

3 A L ♦ W 


(73) 


From  equutlon  (7a)  the  piano  woipht  W is  givon  by 


U ® - • 1.5  w L 

ft 


(791 


which  nay  bo  r.<in.uti tutud  in  equation  (73)  to  yield 


v V (P/w)  ♦ l.b  (o 


aL) 


(80] 


With  p/w  * 10,0o0  i‘t.  ana  g *•  32.2  rt/aoc*'.,  equations  (79)  and 
( ClO ) bo  cotno 


Wa 


W»  * -=T  * 10,000  - 1.^  (aL) 


and 


v » v 


644,000  (aL) 


10,000  + 1,5  (uL-) 


The  energy  impartud  to  the  plane  at  tuko-off  is  given  by 


W v< 


Eg  -* 

2 g 


and  from  equations  (31)  and  (32)  one  obtains 


12  « 10,000  (uL)  - ~ .Vjj  (qL) 

9 1 a 10,000  ♦ l.£  (aL) 


or 


g a 


s»  * (aL)  1^222-iJLii  uy 

10,000  w 7 10,000  + l.ii  (aL) 


(81 


(82! 


(83] 


(8W 


(85) 


The  ideal  efficiency,  o,  defined  aa  the  rutio  of  energy  imparted 
to  the  plane  to  the  total  imparted  to  the  olane  olua  the  moving 
cable,  is  given  by 


W + 1.5  W L 


Thus  from  equation. (01)  ono  obtains  for  e the  same  reault  as  in 
tile  previous  section, 


* 10,000 


The  ratio  A/L  ia  founu  from  equations  (75),  (70)  and  (61)  to 

be  given  by 


A _ 10,000 

Z " 10,000  ♦ 1,5  (ah) 


The  maximum  value  of  B*  and  tho  corresponding  valuo  of  aL  may 
be  found  by  setting  dl2‘/<UaL)  * 0;  the  values  are 


K,max  * W 
aL  - 2761  ft. 


The  maximum  value  of  v occur:;  for  aL  = 6667  ft,  (i.e,,  when 
W 3 0),  and  Is  found  from  e ^nation  (02)  to  be 


* 463  ft/ sec,  3 316  itph  * 274  knots. 

DllA 


W , L1  ami  v are  shown  as  functions  of  uL  in  figure  13, 
page  42.  also  included  is  u curve  of  \*Z  ► a L,  the  velocity 
attuinable  if  the  entire  length  of  run  i3  used  for  acceleration. 


Figure  13.  Performance!  of  indireot-drlve  catapult  with  shuttle  braking 
Velocities  are  In  ft/sec»;  W*  and  B*  are  in  ft* 
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INDIRECT  CAKIS- DRIVE  dn'fApULT  WITH  MMLTIPLS  MAKING 

A study  of  the  proooding  two  sections  (puges  20  and  39) 
shows  that  tha  cupudity  and  spood  of  an  Indira ct- drive  catapult 
are  linitad  by  two  factors  i 

1.  The  energy  that  in  absorbed  in  accoloruting  thn  cabla 
and  ia  therefore  not  available  for  the  accola ration  of 
tha  olane. 

2.  The  distance  that  ia  roquired  for  tho  deceleration  of  tha 
cabla. 

The  first  of  thaao  two  limiting  factors  ip  inherent  in  a 
cable-drive  system  und  can  bo  reduced  only  by  using  a cabla 
material  of  higher  strength  to  linear  weight  ratio,  or,  of 
course,  by  decreasing  tho  effective  length  of  cable  required 
for  a given  total  run. 

The  second  factor,  however,  night  bo  eliminated  by  one  of 
several  conceivable  braking  arrangements,  yor  examplo,  braking 
forces  could  be  aoplied  to  the  cable  simultaneously  at  a number 
of  points  along  its  length  so  that  any  ono  brake  would  need 
decelerate  only  a small  portion  of  the  cubic;  or  tho  shuttle 
could  be  dotaahed  from  tho  cable  at  the  end  of  tho  run  for 
independent  high-g  braking,  and  the  cable  braking  system  so 
arranged  that  the  cable  could  continue  to  move  for  some  distance 
in  a direction  other  than  in  the  line  of  the  accelerated  run. 
With  either  system  an  independent  light  natrlevlng  system  must 
be  provided.  While  it  must  be  conceded  that  these  schemes 
present  serious  practical  difficulties,  neither  is  impossible. 

In  either  caao,  the  limiting  performance  would  bo  thut  obtained 
with  acceleration  over  tho  entire  length  of  run  and  braking  over 
a negligible  distance. 

In  the  following  analysis  of  a catapult  with  oither  type 
'of  braking  it  is  assumed,  therefore,  that  the  total  length  of 
run  is  used  for  acceleration,  and  tnat  other  factors  remain  the 
same  aa  in  the  previous  two  analyses.  During  acceleration  with 
the  safe  working  load  unpllod  to  the  cable. 


P - (1.5  w l ♦ w)  a 


(39) 


or 


W * j-  - 1.5  v L 


(90) 


Thus  at  the  end  of  the  run  the  volocity  v Is  ('Ivon  by 


2 P 6 L 


, 2PB 
* yfe  •*  « L - y/  ng  - l 


The  energy  imparted  to  tho  plune  is 

W vg  ( P/a  - 1.5  w L)  U a L) 

B * FT  * 2 8 

Taking  P/w  • 10 , OJU  ft.  ana  * 32.2  ft/soc^*,  ono  finds 


W«  ■ — « 10,000  - 1.5  (aL) 


v * V&4.4  (aL) 


S » _ (aL)  . 

10,000  w ■ 10,000 


10,000  - 1.5  (aL) 


The  ideal,  efficiency  is,  as  bo  fore. 


0 * W ♦ 1.5  w L * 10,000  * 


The  maximum  value  of  o'  and  the  corresponding  value  of  aL  may 
be  found  by  setting  dK'/d(aL)  » 0;  the  vulios  are 


K'n„*  = 1667 


. uL  - iiii  ft. 


The  maximum  velocity  and  its  corresponding  value  of  aL  are 


vmax  * ft/soc.  * 446  mph  * knots 


aL  * 6<»67  ft. 
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Mote  -that  this  maximum  velocity  la  nocosaarlly  loss  than  tha 
absolute  limiting,  velocity  for  a straight  cublo  without 
uuxiliary  cablo  commoting  It  to  on  engines  thla  latter 
limiting  voloolty  was  ourllor  nhown  to  bo  ti 02  ft/seo* 

W’ , K*  nni  v arc  shown  .in  functions  of  ah  In  r’l  *upo  U|* 


THK  SHUTTLE  CV-'V-'M  C»T.-. 

Another  typo  of  cublo-drivo  catacult  walch  hao  bean  propoaad 
conalata  of  u oontlnuoualy  moving-  cable,  ana  a shittlo  which  oan 
bo  clutched  to.  and  auta  from  tha  cable.  The  cable,  drivon 
by  a flywheel,  .novou  at  a velocity  somewhat  groator  than  the 
desired  tako -of:'  speed  u:;d,  at  tha  start  of  the  acoaloratod  run, 
tlio  shuttle  is  clutched  to  this  cable.  Initially  tho  slippage 
between  tho  cubic  and  the  shat  tie  is  largo,  but  it  decreases  as 
tho  plane  progrosses.  At  the  end  of  the  run  tho  shuttle  is 
dotadied  and  braked,  while  the  cable  la  nccolerutoi  back  to  lta 
original  apeod  in  preparation  for  the  noxt  3iot.  Such  a system 
hus  been  con3ideroii  In  NAMJ  Report  No.  M-5030,  entitled, 
"Evaluation  of  Plywixool  Type  Catapults."  In  thla  report, 
outapulta  using  stunuard  wiro  i‘ope,  flat  wire  rope,  and  steel 
ribbon  were  considered.  The  -gonoVal’  conclusion  was  that  the 
use  of  nono  of  the  three  would  result  in  a practical  catapult* 


This  a group  ugroes  with  tho  conoluslun  stated  above,  but 
would  like  to  point  out  tnat  tho  use  of  Multiple  flat  ribbons 
would  ellninuto  some  of  ti.o  difficulties  doscribod  in  the  report* 
Consider,  for  oxurnlo,  tho  Multiple  ribbon  systom  shown  in 
Figure  15.  In  this  system  tho  flywheel  Is  flttod  with  rollers 
for  the  purposo  of  Increasing  the  normal  force,  and  nonce  the 
frictional  force,  between  the  ribbons  and  the  flywheel.  This 
system  eliminates  the  need  for  multiple  wraps  on  the  f lywhsel, 
us  well  us  tho  need  for  grant  tension  in  tho  portion  of  the 
system  not  transmitting  forco  to  the  piano.  While  there  Is  in 
this  portion  of  the  rltLon  systom  a moderate  tension  furnishing 
tho  contripotal  forco  acting  on  tho  ribbons  as  they  pass  around 
the  pulleys,  this  foroe  is  developed  by  the  ribbon  itself;  the 
•only  purpose  of  tho  tensioning  pulleys,  therefore,  is  to  provide 
a take-up  for  tho  slack. 


Ihere  is  no  slippage  botwoon  ribbons  us  they  :>ass  over  the 
sheaves,  but  botwoun  sheaves  slight  slippage  occurs  because  the 
linear  velocities  of  adjacent  ribbons  are  different.  3uch 
slippage  is  unimportant  In  determining  >o  rfo  rriunce , and  may  be 
eliminated  if  desired  for  service  li.fo  cor.si  ie rati  >r.s  by 
slightly  separating  the  ribbons  in  the  portions  betwoon  sheuves* 


With  a multiple  elute 
bo  tweon  p.iirs  cl'  rurface.* 
of  towing  forco  ana  netti:. 
toward  uni  fortuity,  it  i.i 
ample  cooliur  of  the  cl  ;*  : 


"lutch  J!(  b.-.omm,  the  normal  forcos 
ere  ‘identical ; ..once  tne  distribution 
r .ji'ri-ct  u.-.or.r  tho  ribbon?  tones 
;.j:  uj.rir/,  irso,  to  provide 

i.  ovucu:.;  *.  Lw  r >?sna. 


Best  Available  Copy 
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Bfest  Available  Copy 


0 IOCO  200C  3000  4000  5000  6000  7000 

a L (tt.) 

Figure  14*  Porf orman co  ol*  indirect  cublo-drive  catapult  with  multiple 
braking.  W und  &*  are  in  ft.;  v la  in  ft/sec* 


Best  Available  Copy  . 
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It  it  realized  that  thnro  aro  serious  practical  difficulties 
in  constructing  a ayotom  like  tho  one  suggested,  particularly  the 
clutching  mechanism.  However,  it  is  not  the  purpose  here  to 
disouss  the  detailo  of  construction,  but  rather  to  oonsidor 
the  basic  porfornunco  of  uuch  u system  oould  it  be  made 
practical* 

In  order  that  tho  po rf o rrnnoe  of  an  idoal  shuttle  olutoh 
catapult  oan  be  compared  with  the  performance  of  other  catapults, 
let  it  be  assumed  that  tho  towing  ribbons  have  the  chare  o ter  is  tie 
strength  to  linear  weight  ratio  of  standard  wire  rope,  and  that 
the  olutoh  is  capable  of  developing  the  safe  working  load  of  ttke 
oable.  Let  it  further  bo  assumed  that  the  braking  of  the  shuttle 
takes  plaoe  in  a sufficiently  short  dlstanoe  that  it  may  be 
negleoted* 

Uaing  the  notation  dsfinod  in  previous  sections,  one  finds 
for  the  eooele rated  run, 

P - Wa  (97) 


and 

v - yJZ  a g L • (98) 


The  energy  impartod  to  the  plane  at  take-off  is  given  by 


M W v „ . 

K * * P L 

2 g 


(99) 


With  P/w  again  taken  as  10,000  ft.,  and  since  g * 32.2  ft/eee^*, 
one  obtains 


W* 


V - ; ■ 10.°00 


(100) 


v * (tL) 


(101) 


K* 


8 a 

10,000  w 


■ (»L). 


(102) 


The  performance  of  this  catapult  is  shown  in  Pigure  16*  It 
should  be  pointed 'out  that  this  type  of  catapult  is  not  an 
indlrsot-driv#  but  rather  a dlroct-dri-vo  type,  and  Its  performance 
ip  thsrcfors  Identical  with  tnat  of  other  direct*  drive  types  of 
tho  saas  capacity. 


ure  16.  porforr.uj.ee  of  shuttle  clutch  catapult 
ft.;  v Is  In  ft/seo* 


APPLICATION  TO  SPKJiyiC  CATAPULT  liYSTKHS 

In  order  to  illustruta  more  clearly  the  relative  performance 
of  the  four  types  of  natural ta  of  the  preceding  sections,  the 
results  of  these  sections  will  be  applied  to  tho  discussion  of 
Specific  examples.  Tho  lungths  solectod  for  these  examples  are 
2 00  ft.,  4C0  ft.  and  000  ft.;  tho  lattor  Is  Included  for  possible 
application  to  lund^Laaud  'atupults.  lit  all  calculations  It  is 
assumed  that  Uie  casualty  of  the  engine  is  100,000  lbs*}  this 
value  is  also  taken  for  tuo  safe  working  load  of  the  cable  end 
corresponds  approxhmtoly  to  that  of  a 2^-inoh  cable  weighing 
10.0  lbs/ft*  flic  results  computed  hero  nay  be  applied  directly 
to  a catapult  of  tho  sumo  length  but  having  a cable  weighing  v 
lbs/ft*  by  the  following  oquations  where  the  starred  values  now 
represent  those  cone  spending  to  tho  different  linear  weight  w*j 

,v  we 

w ■ w 


a*  « a 


Thoro  are  four  difforent  cases  corresponding  to  the. four  types  of 
catapults  discussed  in  tho  previous  sections. 

Case  It  Indirect  Jablo-Jri ve  datuoult  with  retrieving  Cable 
Braking  (see  page  20):  If  y ■ 1 und  f * 0.5,  then  the  relative 

acceleration  a (the  acceleration  in  units  of  g)  is 

100,000 

4 r n * )0  L 

The  velocity  v and  energy  o itput  g are  given  respectively  by 


, 6 ,440 ,000 
v - v irrtoT 


& * o • 

* e» 
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Case  lit  Indirect  Cable-Drive  Catupult  with  Shuttle  Braking 
{ see  page  Jfl ) j It  la  assumed  that  the  shuttle  and  tow  cable  are 
braked  by  a braking  forco  applied  at  tne  shuttle , and  that  no 
retrieving  cable  ia  used.  Tho  length  of  run  used  in  the  braking 
phase  may  be  determined  from  equation  (83).  If  f * 0.5,  then 

100,000 

a * — — — » 

w + 15  L 


and  the  terainal  velocity  v and  energy  output  B are  given  by 


v 


t/ 


W + 30  L 


W v2 
2 g 


# 


Case  lilt  Indirect  Cable-Drive  Catapult  with  Multiple 
Braking  (see  page  43):  It  la  assumed  that  some  meant  of  braking 

la  provided,  such  as  discussed  on  page  43,  that  the  entire 
length  of  run  it  available  for  acoele ration.  If  f « 0.5  as 
before,  then  one  finds  for  the  relative  aooeleretion  a,  terminal 
veloolty  v,  and  energy  output  g the  following] 

100,000 

ft  M 

W .♦  15  L 

v v w ♦ 15  L 

W v2 

a"  TT  ' 


Case  IV t The  Shuttle  Clutch  Catapult,  or  other  direct-drive 
catapults  (see  page  45):  An  independent  means  of  braking  the 

shuttle  in  a negligibly  short  distance  must  be  provided  at  the 
end  of  the  acoelarution  run.  An  ideal  clutcn  is  assumed,  that  is, 
one  capable  of  developing  the  safe  working  load  of  the  cable.  Tho 
relative  acceleration  a,  terminal  velocity  v>  and  energy  output 
E are  given  respectively  by 

100,000 


^ j 6 ,44.0 ,000  L 


W v 
? & 


100,000  L 


$ 2 


The  relative  acceleration  a Is  shown  in  Figure  1?  a*a  a 
function  of  piano  weight  W for  all  four  typos  of  catapults  of 
200  ft.  length*  An  arbitrary  maximum  aoooloration  of  4fi  i* 
indicated  in  the  figui'e.  It  is  interesting  to  note  that  the 
acceleration  attains  a finite  limit  for  zero  plane  waight.  The 
terminal  velocity  v and  energy  output  B for  the  four  oases  for 
catapult  runs  of  200  ft.*  400  ft*  and  800  ft*  are  shown  in 
Figures  13,  19  and  20*  The  breaks  in  all  the  curves  arise 
from  the  fast  that  in  all  cases  the  acceleration  waa  limited 
to  a maximum  of  4g*  *s  indicated  in  Figure  1?  for  oatapulta  of 
200  ft*  length;  the  equations  above  were  suitably  modified  to 
taka  this  limitation  into  account* 

In  all  of  the  curves  it  should  be  noted  that  the  performance 
decreases  in  the  order  of  Caaoa  IV,  III,  II  and  I*  The  dlfferenoe 
In  performance  is  small  in  tho  200  ft*  oatapult  but  beooaea  quits 
large  in  the  800  ft.  catapult*  For  the  greater  length,  the 
conventional  catapult  of  Case  X can  not  attain  an  acceleration 
of  46  except  for  a plane  weight  of  1*000  lba*  or  leas* 

The  variations  in  relative  performance  of  thsso  four  types 
of  catapults  are  furtiier  onphaaized  in  Figures  21,  22  and  23, 
which  show  the  velocity  and  energy  output  for  Cases  I,  II  and  III 
as  percentages  of  those  for  a direct-drive  catapult  (Case  XV}* 

Pigure  21  for  a conventional  catapult  with  retrieving  eable 
braking  (Case  I)  shows  that  the  velocity  and  energy  output  are 
seriously  reduced  as  the  catapult  longth  is  increased*  For  the 
200  ft.  run  tho  energy  output  averages  about  75  per  cent  of  that 
for  the  direct-drive;  for  the  400  ft*  run  it  drops  to  about  60 
ptr  cant;  and  for  an  800  ft.  run  it  averages  about  45  per  cent 
with  a minimum  valuo  of  I033  than  35  per  cent.  It  should  be 
emphasized  again  that  this  energy  decrease  is  due  entirely  to 
the  decreased  speed  that  can  bo  obtained  and  not  to  & decrease 
in  permissible  weight;  the  weight  is  unlimited  in  both  cases* 

Figures  22  and  23  show  similar  results  for  Cases  II  and 
III,  but  the  reduction  in  performance  is  much  smaller  than  for 
Case  I.  Fjgure  23,  for  example,  shows  that  with  a 400  ft.  run, 
the  terminal  velocity  in  Case  III  is  only  slightly  less  than 
that  for  the  direct-urive  catapult;  and  even  with  an  800  ft, 
run,  the  velocity  over  most  ox'  the  range  is  more  than  8$  per  cent 
of  that  for  the  alreot-drive  catapult,  and  the  energy  output  over 
the  weight  range  cons iue red  averages  more  than  80  per  cent  of  that 
from  a direct-drive  catapult  of  the  same  length  of  run  and 
engine  capacity. 


Acceleration,  g*s 
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, Plane  Weight,  lbs 

Figure  XV*  no  tutorial  on  Tor  f *•  siilujial 


Energy  Output,  10  ft- lbs  Velocity,  ft/sec. 


Plone  Weight,  lbs 

Figure  1C*  iVixT'j:?  n>.«  .of  «?00  ft*  catapults* 
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Figura  lv,  s'arforviunca  of  4OJ  ft.  cofcurv.ilta. 
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Figure  22.  .For Commie©  of  indirect- Ji'iva  catapult  With 
chuttlo  tie  eoiujuryd  to  uircct*<irlv'd» 
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CONCLUSIONS 


The  results  of  the  foregoing  sections  show  clearly  that 
limitations  are  imposed  upon  the  perfomanoe  of  a oatapult  when 
the  foroe  produced  toy  the  engine  la  transmitted  to  the  airoraft 
by  means  of  an  aeoelerated  oable.  The  use  of  the  oable  imposes 
a limit  on  the  maximum  velocity  that  can  be  attained,  and 
reduces  the  velooity  under  other  operating  conditions  below 
that  obtainable  were  the  seme  engine  used  for  e direot-drive 
system* 

The  conclusions  to  be  drawn  from  tha  previous  analysts  may 
be  summarised  as  follows t 

1*  Indirsot-drive  cable  catapults  have  an  inherent  upper 
speed  limit  beyond  tdiieh  it  is  impossible  to  eooelsrste 
without  exceeding  the  safe  working  strength  of  the  cable* 
This  ultimate  limit  for  a langth  of  conventional  cable 
equal  to  the  total  length  of  run  has  been  shown  to  be 
802  ft/seo* 

2*  Although  this  limiting  velocity  le  considerably  in  axeeae 
of  any  velocity  required  at  present  or  in  the  near  future, 
the  usable  speed  that  can  be  obtained  in  a praotloal 
configuration  and  without  excessively  heavy  cables  is 
considerably  less  than  the  ultimate  maximum. 

3*  In  tern*  of  idealised  oable  limitations  only,  without 
regard  to  Increases  in  engine  power  and  total  weight 
introduced  by  the  use  of  cables,  the  maximum  speed  of 
any  oatapult  is  determined  by  the  permissible  acceleration 
and  the  total  available  longth  of  run*  The  speed  limits* 
tions  here  discussed,  then,  do  not  become  prohibitive, 
except  with  a high  degree  of  multiple  reeving,  until 
either  the  allowable  aooeleration  or  the  length  of  run 
la  increased  to  a value  considerably  in  excess  of  that 
in  current  use*  The  practical  limit  of  a cable-drive 
a/stem  arises  from  the  rapid  increase  in  total  weight 
of  the  installation  as  the  length  of  the  accelerated 
run  is  increased  to  provide  a higher  terminal  velocity* 

The  increase  in  total  weight  becomes  serious  at  velocities 
well  below  the  ideal  limit* 

4*  A multiply  reeved  system  introduces  more  serious 

limitations  than  a 1-to-l  reeved  ays  tern.  The  limiting 
maximum  velocity  attainable,  regardless  of  weight,  decreases 
as  the  multiplication  of  reeving  is  increased.  For  high 
degrees  of  reeving  this  decrease  results  in  a limiting 
valocity  not  greatly  in  excess  of  the  velocities  to  be 
expected  in  the  immediate  future.  Even  more  important, 
the  total  weight  of  an  installation  necessary  to  attain  a 
specified  velocity  even  considerably  less  than  the  maximum, 
is  appreciably  greater  for  a multiply  reeved  system  than 
for  a singly  reeved  system.  The  Univor3lty  of  Kansas 
group  believes  that  multiply  reeved  systems  are 
/ -"Me  for  cctcpultc  of  ever,  the  Immediate 

future. 
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£•  The  aeriouaneas  of  the  cable  limitations  is  Inara  aaed  as 
the  amount  of  oabla  (or  equivalent  length  of  other 
aooe  la  rated  and  decelerated  meases)  is  increased*  For 
tnis  reason,  indire ot.driva  oatapult  performanoe  can  be 
improved  over  tha  existing  hydrauiio  arrangement  by» 

a*  The  use  of  shuttle  or  multiple  braking  systems} 

b.  Elimination  of  multiple -reeving  systems* 

It  must  be  recognized,  however,  that  the  elimination  of 
multiple  reeving  almost  necessarily  eliminates  the 
hydraulic  catapult  for  high  capacity  service*  It  la 
axtremely  unlikely  that  a 1-to-l  coupled  lndi  re  ot -drive 
hydraulic  system  oould  prove  feasible,  partly  from  weight 
and  site  considerations,  but  particularly  from  high 
velocity  fluid  flow  limitations* 

6*  The  limitations  in  present  systems  result  in  pert  from  the 
neoeesity  of  braking  the  entire  moving  cable  system  by 
mesne  of  forces  transmitted  through  the  retrieving  oeble* 

For  this  reason  the  length  of  accelerated  run  is 
considerably  less  than  the  total  length  of  run  available* 
Thus  the  suggested  improvements  in  braking  arrangements 
(i.e.  shuttle  or  multiple  braking,  as  discussed  on 
page  38),  improve  performance  not  only  by  reducing  the 
weight  of  accelerated  cable  but  also  by  Increasing  the 
ratio  of  accelerated  to  total  run* 

7*  There  la  no  limit  to  the  weight  of  airoruft  which  can  be 
launched  with  cable-drive  catapults.  Furthermore,  the  use 
of  cable  materials  of  higher  strength  to  weight  ratio, 
which  may  soon  become  commercially  available,  will 
increase  the  usefulness  of  this  type  of  unit.  Finally, 
although  the  indirect- drive  cable  catapult  is  not  oapable 
of  indefinite  extension  to  ever  higher  velocities,  the 
1-to-l  indirect  oeble  drive  is  oapable  of  extension  to 
velocities  sufficiently  higher  than  those  now  used  that 
it  will  be  practicable  for  several  years  to  come.  It 
should  be  realized,  however,  that  the  range  of  extrapolation 
to  very  high  capacity  is  limited  for  all  indirect-drive 
cable  oatapults,  and  emphasis  must  be  placed  on  the 
development  of  other  types. 

3.  The  continuous  cable  drive,  shuttle  clutch  catapult  offers 
possibilities  for  medium  capacity  installations , ouch  a 
unit  retains  many  of  the  equipment-location  advantage# 
of  tiie  indirect-drive  cable  catapult,  but  is  without 
several  of  the  severe  disadvantages.  On  the  other  hand, 
the  introduction  of  tha  shuttle  clutch  leads  to  different 
specific  difficulties  of  design,  construction  and  service. 
The  shuttle  clutch  catapult  Is  almost  certainly  Impractical 
for  high  capacity  installations. 


9.  In  the  final  unalyaia,  the  choice  of  a catapult  la  a 
compromise  among  the  contradictory  Ueaires  for  tho  bs.*t 
possible  unit  from  tho  standpoints  oft*  (a)  low  ovor-a.ll 
weight}  (b)  low  topside  weight;  ( c)  high  efficiency; 

(d)  protection  from  damage;  (e)  reliability  and 
durability;  (f)  la  ok  of  interference  with  the  amor 
and  structure  of  the  flight  deck  and  with  other  carrier 
equipment.  Ihe  indirect-drive  cable  oatapult  appears 
quite  favorable  at  present  in  all  of  theae  respects 
except  over-all  weight  and  efficiency.  Por  low  and 
medium  oapaoity  use.  it  is  satisl'aotory  in  ita  present 
stage  of  development.  However,  sinoe  it  has  definite* 
limitations  even  within  the  range  of  speeds  possible  In 
the  foreseeable  future,  it  seems  futile  to  expend  further 
groat  effort  on  its  development  for  very  high  capacity 
use.  Rather,  development  work  should  be  concentrated  on 
the  more  practical  direct-drive  systems  capable  of  muoh 
higher  capacities.  If  apaca  and  convsnienoa  dictate, 
any  direct-drive  unit  cun  be  converted  to  an  lndineot- 
drive  system  of  smaller  capacity.  Ihus  if  suocoasful 
high  oapacity  direct-drive  units  can  be  developed,  the 
whole  launching  problem  is  solved. 


